Introduction {#s1}
============

Infection with *M. ulcerans* causes a chronic and necrotizing skin condition known as Buruli ulcer. This emerging disease occurs focally in more than 30 predominantly tropical countries worldwide, but mainly affects impoverished populations of West and Central Africa with limited access to health care services [@pntd.0001904-Johnson1]. Recent findings suggest that *M. ulcerans* has diverged about a million years ago from the fish pathogen *Mycobacterium marinum* by the acquisition of a plasmid encoding the enzymes required for the production of mycolactone [@pntd.0001904-Stinear1]--[@pntd.0001904-Qi1]. Mycolactone is a cytotoxic macrolide toxin that plays a key role in the unique pathology of BU [@pntd.0001904-Hong1], characterized by the formation of progressive skin ulcers. While a potential transmission model implicating mammals as reservoirs and mosquitoes as vectors of *M. ulcerans* has been proposed for a local BU endemic region in south-eastern Australia [@pntd.0001904-Fyfe1], [@pntd.0001904-Lavender1], epidemiologic information for BU endemic African settings is sparse.

Remarkably little genetic diversity between *M. ulcerans* isolates from African BU patients has hindered molecular epidemiological studies tracing the spread of genetic variants of *M. ulcerans*. However, from a phylogenetic perspective the genetic monomorphism of this pathogen, which is associated with a clonal ancestry, holds a great potential to trace transmission pathways and evolutionary relationships. Several studies of other genetically highly homogeneous pathogens such as *Mycobacterium leprae* [@pntd.0001904-Monot1], *Bordetella pertussis* [@pntd.0001904-Maharjan1], *Yersinia pestis* [@pntd.0001904-Morelli1] and *Bacillus anthracis* [@pntd.0001904-Kuroda1] have demonstrated the validity of genome-wide single nucleotide polymorphisms as markers for such phylogenetic analyses.

In our previous work we compared genome sequences of three Ghanaian *M. ulcerans* isolates, selected on the basis of the three earlier identified variable number of tandem repeat (VNTR) types among 57 *M. ulcerans* strains from Ghana [@pntd.0001904-Hilty1], in order to detect a comprehensive set of SNP markers for genotyping studies. The subsequent development of 65 real-time PCR-based typing assays for the identified SNP loci allowed us to differentiate 75 *M. ulcerans* strains from a BU endemic area in the Densu River Valley of Ghana into six haplotypes. Genome re-sequencing of four haplotype representatives followed by further SNP detection and design of 24 additional real-time PCR assays led to the identification of ten haplotypes (HT1--10) among the 75 *M. ulcerans* isolates ([Table 1](#pntd-0001904-t001){ref-type="table"}).

10.1371/journal.pntd.0001904.t001

###### Summary of *M. ulcerans* genotyping in Ghana.

![](pntd.0001904.t001){#pntd-0001904-t001-1}

  Genotyping method                                              No. of isolates   Origin (year of isolation)   No. of loci   No. of genotypes
  ------------------------------------------------------------- ----------------- ---------------------------- ------------- ------------------
  [@pntd.0001904-Hilty1] VNTR                                          57              Ghana (1997--2004)            2               3
  [@pntd.0001904-Rltgen1] SNP[1](#nt101){ref-type="table-fn"}          75           Densu river (1999--2007)        65               6
  [@pntd.0001904-Rltgen1] SNP[2](#nt102){ref-type="table-fn"}          75           Densu river (1999--2007)      **89**           **10**
  canSNP                                                               24           Densu river (2009--2011)      **10**           **10**

genotyping after comparison of 3 *M. ulcerans* genomes.

genotyping after comparison of 7 *M. ulcerans* genomes.

Here we report the development of a simplified and cost-effective SNP typing method based on TSP and analysis of PCR products by conventional agarose gel electrophoresis. For this approach we have selected ten canonical SNP (canSNP) markers that facilitate a rapid differentiation of the ten described *M. ulcerans* haplotypes in the Densu River Valley of Ghana by the elimination of diagnostically redundant assays. This strategy is used to monitor the temporal as well as spatial distribution and spread of the *M. ulcerans* haplotypes in that region. Results of this ongoing study are expected to provide insights into the circulation of *M. ulcerans* variants in a BU endemic area.

Materials and Methods {#s2}
=====================

Ethics statement {#s2a}
----------------

*M. ulcerans* isolates analyzed in this study were cultivated for BU diagnosis. Ethical approval to use the isolates for immunological and microbiological research was obtained from the institutional review board of the Noguchi Memorial Institute for Medical Research, University of Ghana, Legon, Ghana (Federal-wide Assurance number FWA00001824). Written informed consent was provided by all patients involved in this study.

Mycobacterial strains and genomic DNA extraction {#s2b}
------------------------------------------------

We analyzed a total of 33 *M. ulcerans* isolates cultivated from wound specimen of BU patients living in the BU endemic Densu River Valley of Ghana. Ten of these isolates, used for the setup of SNP typing assays, had been typed previously by real-time PCR as SNP haplotypes 1--10 (Agy99 (HT1), NM98/03 (HT2), NM83/03 (HT3), NM100/03 (HT4), NM27/02 (HT5), NM18/02 (HT6), NM74/03 (HT7), NM32/02 (HT8), NM28/02 (HT9), and NM78/03 (HT10)) [@pntd.0001904-Rltgen1]. Genomic *M. ulcerans* DNA was isolated by cell wall disruption and phenol-chloroform extraction as described earlier [@pntd.0001904-Kser1]. DNA was quantified by using Qubit Fluorometer (dsDNA HS Assay Kit, Invitrogen).

Selection of single nucleotide polymorphism loci and TSP assay design {#s2c}
---------------------------------------------------------------------

In our previous work we have detected ten *M. ulcerans* haplotypes (HT1--10) in a relatively small BU endemic region within the Densu River Valley of Ghana by amplification refractory mutation system (ARMS) real-time PCR assays [@pntd.0001904-Rltgen1]. Here we constructed a phylogenetic tree of the ten identified haplotypes based on concatenated sequences of the 89 SNP loci ([Figure 1A](#pntd-0001904-g001){ref-type="fig"}). For the TSP assay development, we selected ten representative SNP loci (TSP1, 3, 4, 6, 8, 9, 15, 16, 17 and 18), providing a discrimination of all described *M. ulcerans* variants in the Densu River Valley by haplotype-specific allele combinations ([Figure 1B](#pntd-0001904-g001){ref-type="fig"}). TSP assay primers were designed on the basis of the strategy described by Hayden and Tabone [@pntd.0001904-Hayden1], [@pntd.0001904-Tabone1]. For each SNP marker, locus specific (LS) primers amplifying the region surrounding the SNP of interest as well as a nested allele-specific (NAS) primer fully complementary to the sequence of reference strain Agy99, but mismatched at the 3′end nucleotide for *M. ulcerans* strains harboring the SNP at this locus, were designed using Primer 3 Software [@pntd.0001904-Untergasser1] ([Figure 2](#pntd-0001904-g002){ref-type="fig"}, [Table S1](#pntd.0001904.s003){ref-type="supplementary-material"}). LS primers were designed to have an optimum melting temperature (Tm) of 63°C (range of 62--64°C) and to amplify a PCR product greater than 400 bp. The NAS primer was designed to have a core region with an optimum Tm of 46°C (range of 43--48°C) and a non-complementary 5′tail region that increased the overall optimum primer Tm to 53°C (range of 52--55°C). The forward (TSP assays 1, 3, 4, 6, 8, 9, 15, 16) or reverse (TSP assays 17, 18) NAS primer was positioned in at least 60 bp distance from the corresponding forward/reverse LS primer to ensure a clear distinction between the larger LS and the smaller NAS PCR product. Primer sequences and PCR product sizes are provided in [Table S1](#pntd.0001904.s003){ref-type="supplementary-material"}.

![Selection of TSP SNP typing assays.\
**A** Linearized phylogenetic tree of the ten *M. ulcerans* haplotypes (HT1--10) detected in the Densu River Valley of Ghana (MEGA software version 4.1 (beta), scale: number of differences at the 89 SNP loci tested). **B** Schematic overview of reference (0) and SNP (1) alleles present in the sequence of the ten *M. ulcerans* haplotypes, which can be identified by TSP assays 1, 3, 4, 6, 8, 9, 15, 16, 17 and 18.](pntd.0001904.g001){#pntd-0001904-g001}

![Schematic illustration of TSP assay performance.\
NAS and LS primer locations relative to the *M. ulcerans* DNA sequence surrounding a SNP locus are shown for the different PCR reaction phases. **A** Initial PCR conditions enable an amplification of the larger LS PCR product by applying an annealing temperature (Ta) of 58°C. **B** Reduction of Ta to 45°C facilitates a possible incorporation of the NAS primer into the enriched LS PCR product. **C** Competitive amplification of the larger LS and the smaller NAS PCR products are ensured by an increase of Ta to 53°C.](pntd.0001904.g002){#pntd-0001904-g002}

Differentiation of alleles by TSP and analysis of PCR product size {#s2d}
------------------------------------------------------------------

The TSP method described by Hayden and Tabone [@pntd.0001904-Hayden1], [@pntd.0001904-Tabone1] served as basis for the development of a TSP assay protocol for *M. ulcerans*. A number of technical details were modified, including standard PCR reagents, the addition of diluted DNA instead of DNA desiccation and the usage of a three-primer system with optimized primer concentrations. PCR assays were performed using 0.5 U FIREPol DNA Polymerase (Solis BioDyne), Buffer BD, 3 mM MgCl~2~, 0.25 mM dNTPs (Sigma), 0.1 µM each of forward and reverse LS primer, 1 µM (0.25 µM, 0.5 µM, 0.75 µM) of forward/reverse NAS primer and 1--50 ng genomic DNA in a total reaction volume of 5 µl. In order to avoid evaporation of the relatively small reaction volume, PCRs were carried out in 0.2 ml eppendorf PCR tube strips, which could individually be closed after addition of the reagents. PCRs were performed in a T-Professional thermocycler (Biometra).

Thermal conditions for PCR amplification of *M. ulcerans* genomic DNA after an initial denaturation step (95°C for 5 min) were as follows: 15 cycles of 95°C for 30 s, 58°C for 30 s, 72°C for 1 min in order to enrich the LS product at a relatively high annealing temperature ([Figure 2A](#pntd-0001904-g002){ref-type="fig"}); 5 cycles of 95°C for 10 s and 45°C for 30 s to enable a possible incorporation of the NAS primer into the enriched LS PCR product at a low annealing temperature ([Figure 2B](#pntd-0001904-g002){ref-type="fig"}); 15 cycles of 95°C for 10 s, 53°C for 30 s and 72°C for 5 s to facilitate a competitive amplification of LS and NAS PCR products ([Figure 2C](#pntd-0001904-g002){ref-type="fig"}); final extension step of 72°C for 10 min. 1 µl of the PCR products were analyzed on 2% agarose gels and stained for 1--2 hours in an ethidium bromide bath (1 µg/ml in 0.5xTBE). Whether the tested *M. ulcerans* strains harbored reference or SNP allele at the analyzed loci could then be determined by the presence of either the smaller or the larger PCR product, respectively.

TSP validation by real-time PCR SNP typing {#s2e}
------------------------------------------

All TSP SNP typing results were validated by the recently described amplification refractory mutation system real-time PCR SNP typing technique [@pntd.0001904-Rltgen1].

Results {#s3}
=======

Optimization of TSP assays {#s3a}
--------------------------

TSP parameters described by Tabone et al. included the desiccation of genomic DNA by evaporation prior to PCR amplification [@pntd.0001904-Tabone1]. In order to reduce the risk of contamination of the laboratory with DNA template, we eliminated this step. The addition of *M. ulcerans* DNA dissolved in water necessitated a new setup for all assay parameters.

While standard PCR reagents were used according to the manufacturer\'s (Solis Biodyne) recommendations, the most critical step for a specific detection of either the smaller NAS or the larger LS PCR product was to identify the optimal application of NAS and LS primers used for the PCR assays. Since initial PCR reactions using a four-primer system including both forward and reverse NAS and LS primers led to the amplification of additional non-specific PCR products ([Figure 3A](#pntd-0001904-g003){ref-type="fig"}), we applied a three-primer system with only one NAS primer. In order to ensure an accurate differentiation of reference and SNP alleles we determined optimal primer concentrations by performing TSP assays for the ten haplotype representatives at NAS∶LS primer ratios of 2.5∶1, 5∶1, 7.5∶1 and 10∶1. Results of all TSP assays provided a correct differentiation of reference and SNP alleles for the four NAS primer concentrations ([Figure 3B--E](#pntd-0001904-g003){ref-type="fig"}). However, a clear-cut visualization of only the allele-specific PCR product was obtained by deploying a tenfold concentration of the NAS primer compared to the LS primers ([Figure 3E](#pntd-0001904-g003){ref-type="fig"}).

![Optimization of TSP SNP typing assays.\
TSP endpoint detection by analysis of PCR product sizes on ethidium bromide-stained agarose gels for haplotypes 1--10 (lanes 1--10) at TSP assay locus 6. TSPs were performed using: **A** a four-primer system including both NAS and LS forward and reverse primers as well as a three-primer system with only one NAS primer and different NAS∶LS primer ratios of **B** 2.5∶1, **C** 5∶1, **D** 7.5∶1 and **E** 10∶1.](pntd.0001904.g003){#pntd-0001904-g003}

The illustration of allele-specific PCR products could be further improved by loading only one-fifth of the PCR reaction on a 2% agarose gel. Gels initially overloaded by the whole PCR reaction volume showed traces of the non allele-specific PCR products.

The optimal amount of DNA for the TSP assay reactions was assessed by performing TSP assays for the ten haplotype representatives with a NAS∶LS-primer ratio of 10∶1 and different genomic DNA concentrations ranging from 1--50 ng. TSP assays provided accurate results for all DNA concentrations tested. However, subsequent standardized TSP strain typing was performed using 5 ng DNA for each reaction. The performance of TSP assays was dependent on the purity of the extracted DNA. While samples with a high ratio of OD 260/280 (\>1.7) facilitated a clear visualization of allele-specific PCR products on the agarose gels, traces of non-allele-specific PCR products were detected when using DNA extracts with poorer quality. TSP assays were evaluated on ten haplotype representatives in order to confirm accurate performance of all assays for both reference and SNP alleles ([Figure S1](#pntd.0001904.s001){ref-type="supplementary-material"}).

TSP typing of clinical *M. ulcerans* isolates {#s3b}
---------------------------------------------

We typed a total of 23 *M. ulcerans* strains isolated between 2009 and 2011 from BU patients living in the Densu River Valley of Ghana by the ten developed TSP assays using the optimized single standard condition ([Figure S2](#pntd.0001904.s002){ref-type="supplementary-material"}). One additional strain served as a control for either the NAS or the LS PCR product amplification. Based on the resulting allele combinations at tested SNP loci, isolates could be differentiated into seven of the ten described *M. ulcerans* haplotypes (HT1 (1 strain), HT2 (7 strains), HT3 (1 strain), HT5 (3 strains), HT6 (5 strains), HT7 (1 strain) and HT9 (5 strains). ARMS real-time PCR SNP typing of the 23 isolates at the ten SNP loci confirmed the accuracy of TSP SNP typing results. In addition to clinical *M. ulcerans* strain typing, TSP assays were performed using DNAs directly extracted from BU lesion specimens. We selected four samples out of a panel of DNA extracts with the highest *M. ulcerans* DNA concentrations detected by IS*2404* real-time PCR. However, all attempts to SNP-type these samples by TSP failed, since additional, unspecific PCR products were amplified.

Establishment of TSP assays in a BU endemic country {#s3c}
---------------------------------------------------

Robustness of the assay protocol and suitability of the technique for technology transfer to laboratories in BU endemic countries was verified by analyzing TSP assays in a laboratory of the Noguchi Memorial Institute in Accra, Ghana. For this purpose we tested the ten haplotype representatives again using the same PCR materials and optimized assay parameters. Each assay provided the expected TSP genotyping products and endpoint detection by 2% agarose gels and ethidium bromide staining was comparable to the TSP setup results ([Figure 4](#pntd-0001904-g004){ref-type="fig"}).

![Application of TSP assay 16 in two different research laboratories.\
Comparison of TSP endpoint detection by analysis of PCR product sizes on ethidium bromide-stained agarose gels in two different laboratories in Basel, Switzerland and Accra, Ghana. PCR products are shown for haplotypes 1--10 (lanes 1--10).](pntd.0001904.g004){#pntd-0001904-g004}

Discussion {#s4}
==========

A global overview of genetic diversity in *M. ulcerans* could be established by comparative genomic hybridization analysis detecting insertional-deletional variation in 35 clinical *M. ulcerans* isolates of world-wide origin [@pntd.0001904-Kser2], [@pntd.0001904-Rondini1]. However, efforts made to resolve the population structure of *M. ulcerans* strains from the same BU endemic countries were limited by the extensive genetic monomorphism of closely related isolates [@pntd.0001904-Hilty1], [@pntd.0001904-Stinear2]--[@pntd.0001904-Kser3]. Genome sequencing of several clinical *M. ulcerans* isolates from a BU endemic region in the Densu River Valley of Ghana has facilitated for the first time the development of a SNP-based genotyping strategy with sufficient resolution for micro-epidemiological studies. This real-time PCR-based approach provided first insights into the actual diversity of such closely related *M. ulcerans* isolates as well as the distribution of *M. ulcerans* variants in the BU endemic area. Among 75 *M. ulcerans* strains isolated between 1999 and 2007 ten haplotypes showing different patterns of geographical distribution could be detected. The identification of geographically clustered emerging haplotypes provides a valuable opportunity to monitor the spatio-temporal spread of haplotypes in this region.

Cost is an important issue for all genetic fingerprinting analyses, and this particularly applies to neglected pathogens like *M. ulcerans*. While the established real-time PCR technique required relatively expensive equipment, the TSP-based assays described here, provide a simple and cheap alternative system, thus increasing the access of genetic typing assays for *M. ulcerans* to laboratories in tropical BU endemic areas. Low cost for the PCR assays, direct endpoint detection through PCR product staining on agarose gels and simple implementation of the method provided a practical means for rapid and cost-effective SNP typing.

The critical step for TSP assay development was to design primers with optimal melting temperatures for the envisaged reaction phase participations. Efficient primer design enabled the performance of all TSP assays under a single optimized standard condition. Genotyping accuracy and robustness of the TSP strategy was demonstrated by the successful application of the designed assays in two different research laboratories, yielding identical results.

SNPs represent highly stable phylogenetic markers in genetically homogenous pathogens as they occur at very low rates and convergent or reverse mutations are highly unlikely [@pntd.0001904-Keim1]. Numerous genotyping studies of monomorphic pathogens have demonstrated that a limited set of SNPs can be used to define phylogenetic relationships [@pntd.0001904-Kuroda1],[@pntd.0001904-VanErt1]--[@pntd.0001904-Vogler2]. The idea of a canonical SNP, a SNP that can be used to define species [@pntd.0001904-Easterday1], major genetic lineages of a species [@pntd.0001904-VanErt1], [@pntd.0001904-Vogler1] or even specific strains [@pntd.0001904-VanErt2], [@pntd.0001904-Vogler3] has recently been described in a review article focussing on the molecular epidemiology of *Bacillus anthracis* [@pntd.0001904-Keim1]. Here we present an extreme example of the canSNP concept where a small number of SNPs is used to distinguish between strains from a relatively small endemic region. For that purpose we replaced the 89 real-time PCR-based SNP typing assays by ten strategically placed canSNPs that enabled a differentiation of the ten described *M. ulcerans* haplotypes in our panel of strains.

The detected canSNPs provide useful genetic markers for the geographical and temporal analysis of *M. ulcerans* variants in the Densu River Valley of Ghana and the established TSP assays are now routinely used in the laboratories of the Noguchi Memorial Institute for *M. ulcerans* haplotype identification. However, a comprehensive overview of the *M. ulcerans* population structure in Africa can only be achieved by genome sequencing of *M. ulcerans* strains from other African BU endemic regions and subsequent identification of local sets of informative SNPs for further phylogenetic analyses.

Supporting Information {#s5}
======================

###### 

**Setup of TSP SNP typing assays.** TSP endpoint detection by analysis of PCR product sizes on ethidium bromide-stained agarose gels for all ten TSP SNP typing assays. PCR products are shown for haplotypes 1--10 (lanes 1--10).

(TIF)

###### 

Click here for additional data file.

###### 

**TSP typing of clinical** ***M. ulcerans*** **isolates.** TSP endpoint detection by analysis of PCR product sizes on ethidium bromide-stained agarose gels for all ten TSP SNP typing assays. PCR products are shown for NM167, NM187, NM209, NM219, NM229, NM230, NM232, NM236, NM237, NM238(4), NM285, NM310, NM311, NM312, NM340, NM377, NM421C, NM465, NM491C, NM555, NM561, NM579, NM585, NAS or LS amplification control (lanes 1--24).

(TIF)

###### 

Click here for additional data file.

###### 

**Temperature switch PCR locus-specific (LS) and nested allele specific (NAS) primers.** Overview of SNP loci (0 = reference allele, 1 = SNP allele), TSP-PCR primer IDs, sequences and melting temperatures as well as PCR product sizes for each of the ten TSP assays.

(DOC)

###### 

Click here for additional data file.
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